A 4 m core was extracted from the center of a peatland located in the Drugeon valley (France). Thirteen radiocarbon dates were used to build a robust age model. Testate amoebae were used for reconstructing mire surface wetness. High-resolution pollen analysis of the sequence reconstructed 9 millennia of development of the peatland and its surrounding vegetation. During the early/middle Holocene (9500 to 5800 cal BP), warm conditions led to high evapotranspiration and low water levels. The vegetation history is characterized by the development of a Pinus and a mixed Quercus forest. From 5800 cal BP, testate amoebae show wetter conditions, indicating the onset of the cooler Neoglacial period. The cooling is also evidenced by the development of Abies and Fagus trees, replacing the oak forest. The first indicators of human impact appear at about 4800 cal BP, and indicators of farming activity remains very rare until ca. 2600 cal BP, at the beginning of the Iron Age. The development of the peatland responded to climatic fluctuation until 2600 cal BP, after which human impact became the main driver. The last millennium has been characterized by sudden drying and the spread of pine on the peatland.
Introduction
The Drugeon valley ( Figure 1 ) is a landscape dominated by wet meadows and peatlands at different stages of development. Wooded peatlands with Mountain pine (Pinus uncinata), such as Forbonnet, are believed to be the ultimate stage of peatland development in the region. The Forbonnet peatland has been intensively studied for over 10 years, and climatic parameters and soil temperature are recorded at a permanent monitoring station [1, 2] . However, to date, no comprehensive study has been conducted to describe the developmental history of this site since the beginning of its formation. The Drugeon valley ( Figure 1 ) is a landscape dominated by wet meadows and peatlands at different stages of development. Wooded peatlands with Mountain pine (Pinus uncinata), such as Forbonnet, are believed to be the ultimate stage of peatland development in the region. The Forbonnet peatland has been intensively studied for over 10 years, and climatic parameters and soil temperature are recorded at a permanent monitoring station [1, 2] . However, to date, no comprehensive study has been conducted to describe the developmental history of this site since the beginning of its formation. Several pollen and multiproxy analyses have been performed in smaller peatlands in the Drugeon valley [3, 4] , as well as in lakes 10 km north east of the peatland [5, 6] . Peatlands of the Drugeon valley ( Figure 1 ) were among the first to be studied by palynologists, and the first pollen diagram carried out in the Jura Mountains was performed at Chaffois, a peatland located about 10 km from Frasne [7] . For the Forbonnet peatland, a first pollen diagram was published in 1950 [8] . Although major phases of vegetation development were recognized, the diagram was not very informative because of the absence of dates. In the early 1980s, a new analysis was carried out by Jean Heim (Louvain-la-Neuve, B); however, the diagram has never been published. The first diagram informing chronology was made by Reille [9] . Even if radiocarbon dates gave an imprecise chronology, the diagram provides valuable information on vegetation development in this region, and confirms that this peatland had been forested for a long time. In addition, combined with ecological and palaeoecological analyses from peatlands in the Eastern Pyrenees [9, 10] , Jura [11] [12] [13] [14] , and Vosges [10, 15] , it serves as a reference for studying the Holocene development of Mountain pine in Western Europe.
Based on pollen and testate amoeba analyses, this study aims to reconstruct mire surface wetness; describe plant successions around the peatland, from the beginning of its formation to the present day; and reconstruct the history of local human activities and their likely impact on the peatland. Several pollen and multiproxy analyses have been performed in smaller peatlands in the Drugeon valley [3, 4] , as well as in lakes 10 km north east of the peatland [5, 6] . Peatlands of the Drugeon valley ( Figure 1 ) were among the first to be studied by palynologists, and the first pollen diagram carried out in the Jura Mountains was performed at Chaffois, a peatland located about 10 km from Frasne [7] . For the Forbonnet peatland, a first pollen diagram was published in 1950 [8] . Although major phases of vegetation development were recognized, the diagram was not very informative because of the absence of dates. In the early 1980s, a new analysis was carried out by Jean Heim (Louvain-la-Neuve, B); however, the diagram has never been published. The first diagram informing chronology was made by Reille [9] . Even if radiocarbon dates gave an imprecise chronology, the diagram provides valuable information on vegetation development in this region, and confirms that this peatland had been forested for a long time. In addition, combined with ecological and palaeoecological analyses from peatlands in the Eastern Pyrenees [9, 10] , Jura [11] [12] [13] [14] , and Vosges [10, 15] , it serves as a reference for studying the Holocene development of Mountain pine in Western Europe.
Based on pollen and testate amoeba analyses, this study aims to reconstruct mire surface wetness; describe plant successions around the peatland, from the beginning of its formation to the present day; and reconstruct the history of local human activities and their likely impact on the peatland. 
Materials and Methods

Study Area and Coring
The Forbonnet peatland (317 ha) is located in the Jura Mountains (46 • 49 N; 6 • 10 E) at an altitude of 836 m a.s.l ( Figure 1) . The peatland is a mosaic of different stages of development: alkaline and oligotrophic peatlands, transitional peatlands, and floating mats recolonizing old peat exploitation pits. Peat forests, which are the ultimate stage of development, cover a large area, including a pine mountain forest. The average annual temperature is ca. 7 • C, and annual precipitation averages range between 1200 and 1300 mm. The warmest month of the year is July, with an average temperature of ca. 16 • C; the coldest month is January, with an average temperature of ca −1.5 • C. A 4.36 m core was taken from the Forbonnet peatland in 2011 using a GIK corer close to the climate monitoring station, in the oligotrophic part where preliminary surveys had shown that peat thickness was about 4 m. Two parallel sequences were collected in order to avoid gaps in the record between the two sections.
Radiocarbon Dates and the Age-Depth Model
Thirteen AMS 14C dates (Table 1, Figure 2 ) were obtained from the Saclay laboratory (France). These 13 radiocarbon dates are equally distributed over the entire core. However, it was impossible to obtain a radiocarbon date from the basis of the sequence, because there were no organic remains in the clay sediments. The age-depth model ( Figure 2 ) was obtained using the clam software [16] within the R software (R Core Team 2015, version 3.2.0 [17] ), using spline interpolation of the weighted averages of 1000 sampling iterations of the calibrated ages for each dated level.
Testate Amoebae
Subsamples were extracted from the different peat sections, following the procedure described by Booth et al. [18] . The material was washed through a sieve of 250 µm mesh size, and the filtrate was used for microscopic analyses. Testate amoebae were identified and counted using an inverted microscope at 200-400× magnification (OLYMPUS IX71), following Uthermöhl's method [18] . At least 150 specimens were counted per sample, and were identified to the species level whenever possible [18] . A depth of water table (DWT) was inferred from testate amoeba using the European calibration data set [19] .
The testate amoeba diagram ( Figure 3 ) was drawn using the rioja R package [20] . Zone delineation was achieved by constrained hierarchical clustering, with clusters constrained by sample order (depth). Quantitative reconstruction of the depth of water table (DWT) was performed in C2 software [21] , using the training set developed for the Jura Mountains by Mitchell et al. [14] . A total of 150 testate amoeba taxa were identified along the core (Figure 3 ). Five successive zones can be identified, with transitions at approximately 5600, 2600, 1600, and 1000 years cal BP ( Figure 3 ).
Testate Amoeba Analysis
The chronologically constrained clustering identified four hydrological phases in the testate amoeba record. The first two major phases, 9000-5600 and 5600-2600 cal BP, are characterized by a relatively stable DWT of c. 15 cm, with the joint occurrence (with fluctuations) of indicators of wet (Arcella artocrea, Archerella flavum, Centropyxis laevigata, Hyalosphenia papilo, and Heleopera sphagni) and dry (Alabasta (Nebela) militaris, Bullinularia indica, Phryganella acropodia and Trigonopyxis arcula) conditions. In contrast, during the third phase (2600-1600 cal BP), most of the wet indicators declined in relative abundance (except Archerella flavum), while dry indicators became predominant, Figure 3 . Testate amoebae simplified percentage diagram with a reconstructed depth of water table curve. Species with an average relative abundance of less than 1% or that appeared in fewer than three samples are not presented, and were not included in the depth of water table (DWT) calculation. Note that Nebela militaris is now called Alabasta militaris.
Palynology
A continuous sampling (2.5 cm thick) totalizing 109 samples was made. Peat samples were processed for pollen analysis using standard techniques [22] . They were treated with HCl, NaOH, HF, ZnCl 2 , and acetolysis. A minimum of 400 pollen grains from terrestrial plants was counted in each sample to ensure statistical significance. Cyperaceae, hygrophilous plant, and spores were excluded from the pollen sum. Pollen grains were identified with the aid of a reference collection of modern Quaternary 2019, 2, 38 5 of 13 pollen types, pollen keys, and photographs [23] [24] [25] . The pollen diagram ( Figure 4 ) was drawn using TILIA and TGView software [26] . Pollen zones were delimited with the help of CONISS [27] .
Pollen Analysis
The pollen diagram shows two main local pollen zones (LPZ) ( Figure 4 ). Each zone was further divided into three subzones.
Local Pollen Zone F1 (ca. 9000-5000 cal BP)
In this zone, pollen assemblages are dominated by Pinus (pine) and Corylus (hazelnut). The main taxa of mixed oak forest (Quercus, Ulmus, Tilia, Fraxinus, Acer), usually developing at this time, show low values and are masked by the local pollen contribution of Pinus. The F1a subzone (9000-7600 cal BP) is dominated by Pinus, Corylus, and the components of a nearby mixed oak forest.
In subzone F1b (7600-5800 cal BP), Pinus decreases slightly, allowing a better record of Corylus, Quercus, Ulmus, Tilia, and Acer, while the abundance of Abies increases (the first Abies pollen grains appear a little earlier) and Fagus occurrences remain weak. Relative moisture is also highlighted by the development of Alnus. Fern spores reach relatively high values in this subzone. Pollen evidence of the first farming activity in this area is not confirmed here [3, 4, 28] ; the rare occurrences of Rumex, Urtica, and Artemisia are not very significant.
In subzone F1c (5800-5000 cal BP), Abies increases and Picea appears, while mixed oak forest tends to almost completely disappear.
Local Pollen zone F2 (ca. 5000 cal BP-2011 AD)
Fagus is the best-represented species, followed by Abies, and to a smaller extent, Picea. If Corylus and Quercus are still present, Ulmus, Fraxinus, and Tilia have almost disappeared from the environment near the peatland. The wetland was probably surrounded by alder, as shown by the 
Results
The basis of the core sequence was made of compact clay, up to 3.80 m ( Figure 2 ). From 3.80 m to 0.5 m, sediment becomes progressively more organic-rich: black and decomposed peat layers alternate with blond Sphagnum peat layers. The peat was fibrous in the upper 50 cm.
Radiocarbon Dates and Age-Depth Model
The 13 AMS 14C dates (Table 1, Figure 2 ) are consistent with the stratigraphic position of the samples and with palynology results, which do not show sudden ruptures possibly caused by sedimentation gaps.
Testate Amoeba Analysis
A total of 150 testate amoeba taxa were identified along the core (Figure 3 ). Five successive zones can be identified, with transitions at approximately 5600, 2600, 1600, and 1000 years cal BP ( Figure 3 ).
The chronologically constrained clustering identified four hydrological phases in the testate amoeba record. The first two major phases, 9000-5600 and 5600-2600 cal BP, are characterized by a relatively stable DWT of c. 15 cm, with the joint occurrence (with fluctuations) of indicators of wet (Arcella artocrea, Archerella flavum, Centropyxis laevigata, Hyalosphenia papilo, and Heleopera sphagni) and dry (Alabasta The 9000-1000 cal BP period is divided into four phases: the first two extend over a period of about 3000 years each, while the next two last less than 1000 years each ( Figure 3 ). The phase spanning 9000 to 5600 cal BP corresponds to the first stages of peatland formation, i.e., a mosaic of peat-accumulating vegetation developing in the lowest parts of the site. The next two phases (5600-2600 cal BP and 2600-1600 cal BP), are marked by a more variable water table level, reflecting a variation in precipitation and air temperature. The fourth phase (1600-1000 cal BP) is marked by the decline or disappearance of indicators of relatively dry conditions (Arcella artocrea, Alabasta militaris, Nebela tincta, Phryganella acropodia), as well as an increase in species indicators of wet conditions (Archerella flavum, Hyalosphenia papilio, Heleopera sphagni) [14] .
The most recent period (1000-0 cal BP) corresponds to a very marked and rapid change in the community composition of testate amoeba species. Thus, the species characteristics of wet conditions disappear, while the abundance of drier species increases.
In addition, the specific amoeba richness observed in the samples decreases steadily over time over the first four periods, with 42, 35, 24, and then 20 species, respectively; it then increases sharply after 1000 cal BP (43 species). These results confirm the hypothesis of a natural development of the peatland between 9000 and 1000 cal BP, followed by a probable intermediate level disturbance in 1000 cal BP, leading to an increase in biodiversity.
Pollen Analysis
The pollen diagram shows two main local pollen zones (LPZ) (Figure 4 ). Each zone was further divided into three subzones. The F1a subzone (9000-7600 cal BP) is dominated by Pinus, Corylus, and the components of a nearby mixed oak forest.
Local Pollen zone F2 (ca. 5000 cal BP-2011 AD)
Fagus is the best-represented species, followed by Abies, and to a smaller extent, Picea. If Corylus and Quercus are still present, Ulmus, Fraxinus, and Tilia have almost disappeared from the environment near the peatland. The wetland was probably surrounded by alder, as shown by the relatively good representation of this taxon, sometimes accompanied by Betula and Salix. Zone F2 is mainly characterized by the almost total absence of Pinus pollen.
Subzone F2a (5000-2800 cal BP) records the maximum development of Fagus, while Picea is still undeveloped and Pinus is represented by only a few pollen grains. From the beginning of F2a, anthropogenic indicators, such as Cerealia-type ruderals (e.g., Chenopodiaceae, Artemisia, Urticaceae) and pasture plants (e.g., Plantago lanceolata, Rumex acetosa-type), appear regularly. Between 220 and Quaternary 2019, 2, 38 7 of 13 170 cm depth, an atypical and sudden variation of pollen values is recorded that strongly disrupts the values of many taxa; this event does not find any visible sedimentological level in peat stratigraphy.
In subzone F2b (2800-1000 cal BP), Fagus values slightly decrease in comparison to F2a, while the representation of the other dominant species varies little. Carpinus appears, and in the second part of the zone, the first occurrences of Juglans and Castanea pollen are observed. Plants related to human activities are better represented, with cereals including Secale (rye), crop weeds, ruderals, and pastures plants. Cannabaceae is also regularly present, and has its highest values in the second part of this sub-zone.
For the last subzone, F2c (1000 cal BP-2011 AD), Pinus is again dominant. This recent dynamic probably corresponds to Mountain pine (Pinus uncinata), which is now widely present in the peatland. Calluna vulgaris also increases up to 30% between 25 and 15 cm.
Discussion
The quality and robustness of the age-depth model (Figure 2 ) make this analysis of a new regional pollen/testate amoeba reference for a part of the Holocene (Figures 3 and 4) . It is thus possible to understand the different stages of development of the peatland and precisely date the first occurrences, development, and sometimes decline of the main taxa present in this part of the Jura Mountains. The results obtained from both proxies ( Figure 5 ) then enables us to infer past hydrological changes in the peatland and changes in the surrounding vegetation.
relatively good representation of this taxon, sometimes accompanied by Betula and Salix. Zone F2 is mainly characterized by the almost total absence of Pinus pollen.
Subzone F2a (5000-2800 cal BP) records the maximum development of Fagus, while Picea is still undeveloped and Pinus is represented by only a few pollen grains. From the beginning of F2a, anthropogenic indicators, such as Cerealia-type ruderals (e.g. Chenopodiaceae, Artemisia, Urticaceae) and pasture plants (eg. Plantago lanceolata, Rumex acetosa-type), appear regularly. Between 220 and 170 cm depth, an atypical and sudden variation of pollen values is recorded that strongly disrupts the values of many taxa; this event does not find any visible sedimentological level in peat stratigraphy.
The quality and robustness of the age-depth model (Figure 2 ) make this analysis of a new regional pollen/testate amoeba reference for a part of the Holocene (Figures 3 and 4) . It is thus possible to understand the different stages of development of the peatland and precisely date the first occurrences, development, and sometimes decline of the main taxa present in this part of the Jura Mountains. The results obtained from both proxies ( Figure 5 ) then enables us to infer past hydrological changes in the peatland and changes in the surrounding vegetation. 
Trees Migration during the First Part of the Holocene Period
As almost always happens in the Jura, Abies has been the first component of the Fagus/Abies forest to appear in pollen analyses [5, 6, [28] [29] [30] [31] . A few rare grains appear around 8400 cal BP, but it is 
As almost always happens in the Jura, Abies has been the first component of the Fagus/Abies forest to appear in pollen analyses [5, 6, [28] [29] [30] [31] . A few rare grains appear around 8400 cal BP, but it is from ca. 7500 cal BP that, although still very weak, it is present as a continuous curve (Figure 4 , pollen zone F1). It is not until 5900 cal BP, though, that Abies really expands. Slightly late compared to Abies, Fagus pollen grains are found around 7100 cal BP; a continuous curve appears from 6100 BP and this tree seems to really expand after 5100/5000 cal BP. Picea finally appears around 5500/5400 cal BP; however, it remains very discreet until around 2700 cal BP. Pollen analyses performed at Lake Saint Point [5, 6] , 12 km east of the Forbonnet peatland, allow a comparison with this pollen sequence. Thus, it is possible to follow the extension of emblematic taxa (Abies, Fagus, Picea) from the eastern to the western part of the massif. This east-west colonization, already demonstrated [28] and based on previous analyses [30] is confirmed here. At Lake Saint Point, the still small but continuous presence of Abies is dated to around 7600 cal BP; however, it really starts five centuries earlier, around 6400 cal BP. Fagus also appears earlier on the eastern slopes, where it appears around 7400/7300 cal BP, but the more marked development of this species is contemporary at both sites. If the beginning of Picea is always very discreet in Frasne from 5600 BP, at the same date the occurrence of this species in the pollen record is much more obvious around Saint Point.
Abies probably reached its highest abundance in West Switzerland, in the Northern Alps and in the Jura Mountains [30, 31] .The east-west migration of these species is therefore confirmed here: Abies first colonized the highlands near the Swiss Plateau before extending westward; a little later, it was the same scenario for Fagus, which seemed to progress more easily towards the west; and finally, spruce, although discreet for a long time, found its place more easily at high elevation. In spite of the human impact on forests, this expansion is in accordance with the present-day distribution of these trees in the Jura Mountains: Faxus admixed with Abies dominate at middle elevations, and Picea expand at higher elevations.
Pollen Variation at 3900-3800 Cal BP
From 5000 to 2800 cal BP (Figure 4 , pollen zone F2a), neoglacial cooling enabled the spread of a Fagus and Abies forest [5, 28] . This period was only interrupted by a short event around 3900-3800 cal BP. Indeed, between 185 and 160 cm deep atypical trees pollen variation is recorded, beginning with a sudden decrease of Fagus. This decline temporarily enhanced the relative contribution of other pollen, including Corylus, Alnus, and Abies, as well as plants such as Calluna, which in this region is restricted to dry peatland habitats. Then, suddenly, the phenomenon was reversed: Fagus shows high values, while Alnus, Quercus, Corylus, and Calluna fall. The last significant event was a sudden decline of Fagus, mirroring an increase in Abies values and a higher contribution of herbaceous plants (Poaceae, Cyperaceae, Cerealia-type, Plantago lanceolata), as well peatland plants such as Calluna. Finally, pollen representations became more stable, and taxa recovered values similar to what they had been before this event, with the possible exception of Abies, which was slow to recover. These variations have been verified and are probably related to an event that affected the pollen representation of some taxa positively or negatively. However, this event is not observed in the testate amoeba diagram, suggesting it did not affect hydrological conditions on the peatland.
While limited to pollen representation, some of the variations described above could be due to competition between species within the same territory: when one disappears, the other is favored. This event could also be the local expression of a climatic anomaly already observed in the Jura massif based on lake level fluctuations [32] , with an increase in lakes levels around 2000 cal BC. (ca. 4000/3900 cal BP). This high-level lake phase is perfectly documented, particularly on Neolithic lake dwellings [33] . The origin of this significant oscillation of the climate, highlighted in many regions of the globe, should be sought in an orbital forcing [5] , resulting in a decrease in insolation. In this case, it is difficult to precisely relate the cause-and-effect links between this global deterioration of the climate and its local expression in the vicinity of the Forbonnet peatland. Many phenomena may have interacted at the level of local meteorological conditions, including extended dry periods and successions of violent storms. Regarding the pollen diagram, the change is seen first and foremost in the pollen representation of Fagus, suggesting changes in its abundance in the forest surrounding the peatland. We could then consider a disease specific to this species, as has been the case for elm [34] . In any case, this event was either too short or not strong enough to impact peatland testate amoebae communities.
Human Impact on the Environment
This analysis is also characterized by the poor representation of anthropogenic indicators (Figure 4) , underlining a weak human impact around the peatland. Indeed, the size of this large wetland surrounded by forest limits pollen rain from grasslands and fields from the region. However, it is possible to identify periods of more intense land use, as well as some periods of decline whose origins can be complex and multiple-for instance, the Black Death during the 14th century or conflicts, as evidenced in previous analyses (Hundred Years' War and plague during the 17th century) [3] [4] [5] .
Rare evidence of human activities are recorded in the first millennia of the Neolithic period, but the first tangible signs appear around 5000/4800 cal BP, during the final Neolithic period (Figure 4) . These indices remain very subtle until 2600 cal BP, and then become more clearly visible. In this diagram, the end of the Bronze Age and the very beginning of the Iron Age are marked by the weak impact of farming activities. Indeed, a more obvious impact could be expected, due to the numerous tumuli dating from this period, known and excavated in the "Chaux d'Arlier" [35] located a few kilometers northeast of the peatland (Figure 1 ). The end of the Iron Age and part of the Gallo-Roman period provide evidence of farming; however, from the third to the fourth century AD onwards, all signs of human impact disappear. This agricultural decline lasted here until the seventh century. This phenomenon corresponds to a migration period often described in literature [4, [36] [37] [38] , and includes the fifth and even sixth century AD. With regard to the cultivated plants revealed by this diagram, cereals are mainly cultivated between the Iron Age and the third to fourth centuries AD; a subtle recovery is visible around the 17th-18th centuries. Cannabaceae are characterized by low values, and remain sporadic; they do not prove hemp cultivation, which has been demonstrated in this area during the last millennium [3, 4] . Human impact on the environment is maybe well-evidenced by testate amoebae (Figure 3 ), which suggest increasingly dry conditions during the last millennium linked with human activities.
The Comeback of Pinus during the Last Millennium
From 1000 years cal BP, the water table level declines, which significantly modifies the biological communities of the environment (Figures 3 and 5 ). The vegetation also changes, and Pinus expands again, possibly including on the peatland margin. In most pollen analyses performed in the Jura Mountains, Pinus decreases after the Preboreal period, and its pollen representation remains weak during the Holocene period [5, 28, 38] . In some case, Pinus increases again at the end of the Holocene, and this expansion on the peatland, as well as in other places, has been widely discussed. It was first discussed by Reille [10] , who considered that man has played an important role in the expansion of Pius. Then other authors [12, 15] attempted to explain the "recent" development of Mountain Pinus as the consequences of peat cutting; attempts to drain the peatland; exploitation of the Pinus themselves; and more generally, attempts to exploit these vast wetlands as grazing areas.
Historical pine expansion starts during the warm medieval maximum [28, 39] . Local historical sources suggest a growing human impact on forest cover as soon as the seventh and eighth centuries; however, deforestation increased mostly during the 10th-11th centuries. Our study is consistent with historical data. A previous testate amoebae study carried out in the Swiss Jura Mountains has already highlighted how 1500 years ago, deforestation had resulted in a rapid lowering of the groundwater level [40] , and dryness conditions enhanced Pinus encroachment on a peatland [13] .
Historical and paleoenvironmental data [41] [42] [43] also suggest reforestation and relative land abandonment during the 14th century, as a consequence of wars and the Black Death. As human activities are weakly perceived, our pollen diagram does not evidence abandonment. However, pollen Pinus maximum around the 15th century could be linked to the consequences of this temporary abandonment. From the 16th century, Pinus values declined progressively, but remained relatively important and unusual. Pollen representation of species directly related to the peatland, such as Calluna and other ericaceous plants, also shows fluctuations that are probably related to moisture variations. Peat was harvested in almost all peatlands of the region, and particularly in the Forbonnet peatland.
According Bégeot and Richard [12] , Pinus uncinata and Calluna vulgaris development is associated with the increase in peat cutting since the middle of the 17th century. The minimum of Pinus pollen is dated from the beginning of the 19th century. At this period, forest areas covered less than 13% of the national territory (31% nowadays). Afterward, Pinus values increased again to reach a maximum in last decades.
Conclusions
This study shows the very good complementarity of pollen and testate amoebae analyses ( Figure 5 ). With the help of a robust age-depth model, it is therefore possible to reconstruct climate and local human impact on vegetation and peatland development accurately. Climate seems to be the main driver of observed changes until 2600 cal BP, after which deforestation seems to be the main driver of observed changes. Large peatlands are known to record a quite large pollen rain signal. However, the presence of trees around the peatland could have created a filter for regional pollen rain. Thus, the vegetation history inferred from the pollen data seems very local, and human activities beyond the trees are weakly recorded.
The results show four successive phases, corresponding to major Holocene climatic oscillations and to anthropogenic impact as follows:
(1) The early-middle Holocene (9000 to 5800 cal BP): peatland formation probably began 9000 years ago, first by filling a basin in which water accumulated. The relatively warm conditions during this period, which were responsible for high evapotranspiration, may have led to relatively low water levels. Dry condition enabled Pinus expansion in and around the peatland. Regionally, the mixed Quercus forest remained the main vegetation formation; (2) Neoglacial period (5800 cal BP onward): around 5800/5600 cal BP, the main components of the Holocene thermal maximum mixed broad-leaves forest progressively disappeared to give way to the Fagus/Abies forest. The peatland expanded and became wetter. Testate amoebae show a long-term trend with the wetter conditions, indicating the onset of the Neoglacial period [5, 29] . From this period onward, the different wetlands connected to form a vast peatland complex, with peat thickness reaching more than three meters. The near absence of anthropogenic pollen indicators is quite unusual in this region; (3) Increasing human activities (2600-1000 cal BP): it is not until 2600 cal BP (the Iron Age) that human impact seems to have played a role on peatland development, modifying the water table. The recorded changes are potentially linked to farmers' settlements in the surroundings, increasing or decreasing land use (migration period), and the reduction or extension of the forested area at the periphery of the peatland; (4) Last millennium: the development of agricultural practices regionally on this Jura plateau over thousands of years is not well known. If human impact seems locally weak, the consequences on the peatland are clearly visible. Land use development and human impact (e.g., deforestation, drainage systems, and peat cutting) probably enhanced peatland dryness. Pinus development appears as a consequence of these massive impacts, and is therefore not a natural stage of peatland development.
The Forbonnet peatland sequence offers a clear illustration of how changes in the water table or increases in human impact may provoke rapid responses in a peatland ecosystem. Both proxies, pollen and testate amoeba, seems to have, in this case, the same dates of their tipping points. Changes in humidity, temperature, and vegetation directly affected both pollen and testate amoeba representation, suggesting comparable threshold sensitivity. Funding: This project was financially supported by the ANR (French National Agency) and the PeatWarm project (ANR-07-VULN-010).
